Fuel cells are a promising technology solution for reliable and clean energy because they offer high energy conversion efficiency and low emission of pollutants. However, high cost and insufficient durability are considerable challenges for widespread adoption of polymer electrolyte membrane fuel cells (PEMFCs) in practical applications. Current PEMFCs catalysts have been identified as major contributors to both the high cost and limited durability. Atomic layer deposition (ALD) is emerging as a powerful technique for solving these problems due to its exclusive advantages over other methods. In this review, we summarize recent developments of ALD in PEMFCs with a focus on design of materials for improved catalyst activity and durability. New research directions and future trends have also been discussed.
Introduction
Polymer electrolyte membrane fuel cells (PEMFCs), which can efficiently convert chemical energy into electricity through electrochemical reactions, are considered promising alternative power sources for transportation and portable applications due to their high efficiency, low temperature operation, and zero emissions [1] . Recently, Toyota announced the production of a commercial fuel cell car (four-door family sedan, called Mirai) which entered Japanese markets at the end of 2014 and North American and European markets in mid-2015 [2] . Toyota is not alone, as Hyundai and Honda also have fuel cell vehicles on the road and in development, respectively [3, 4] . However, several challenges including high cost and insufficient durability still encumber the nascent fuel cell vehicle market, notwithstanding the hydrogen fueling infrastructure. With respect to both cost and durability, the membrane electrode assembly (MEA) consisting of catalyst layer (CL), gas diffusion layers (GDL) and membrane in PEMFCs has been believed to be an area for considerable improvement.
Currently, Pt catalysts are the most widely used. Unfortunately, Pt is expensive and scarce, meaning that maximizing the utilization of the precious metal is of the utmost importance. In order to effectively utilize this expensive metal, Pt nanoparticles (NPs) are often supported on carbon materials [5] [6] [7] [8] . However, Pt catalysts operate under severe conditions, especially at the cathode, such as low pH (o1), high oxygen concentration, high humidity, and high potentials (E0.6-1.2 V) [9] . In such an environment, Pt NPs undergo a reduction in specific surface area and catalytic activity, resulting in PEMFCs performance degradation. This takes place mainly through the following mechanisms: (1) coalescence of Pt NPs resulting from Pt migration due to weak interactions between Pt and support [10, 11] , (2) Pt NP agglomeration caused by corrosion of the support material [1, 11] and (3) Ostwald ripening [9, 12] .
Therefore, the properties of the support and the interactions between Pt and support play an important role in the Pt activity and stability. Numerous investigations have been carried out to improve the durability of Pt NPs based on methods of mitigating the aforementioned degradation mechanisms. For instance, more corrosion-resistant support materials than carbon black have been developed to improve Pt catalysts stability [1, 11, 13, 14] . The deposition of metal oxides help to improve Pt NPs stability through the unique triple interaction of metal oxide-Pt-support [15] . Encapsulation in metal oxides has been shown to be an effective method for stabilizing Pt NP catalysts [16] . Despite these advancements, it is still challenging to deposit ultrathin/ultrafine, highly uniform metal oxides on carbon supports to tune the structure of metal oxide-Pt-support or Pt encapsulated in oxides. In addition to these techniques, further increase in the interactions between Pt and support is also desirable for improving catalyst durability.
It is well known that catalytic activity highly depends on the geometry of particle and the particle interactions with supports [17] . Due the increased ratio of surface atoms to bulk atoms, the former involved in the electrochemical reaction, reducing the size of the Pt NPs to atomic clusters or even single atoms could significantly decrease the Pt mass in the CL while increasing catalytic activity. However, large-scale synthesis of stable single atoms and clusters by conventional techniques remains a considerable challenge due to the natural tendency for metal atoms to migrate and agglomerate, resulting in the formation of larger particles [18] . More importantly, metal-support interactions between atomic-scale Pt and supports could significantly enhance catalytic activity toward ORR due to an altered electronic structure in Pt [19, 20] .
In addressing these various challenges facing catalysts in PEMFCs, atomic layer deposition (ALD) is gaining increasing attention as a technique for deposition of noble metals and metal oxides because it enables the preparation of uniform and conformal thin films as well as the deposition of uniformly distributed particles ranging from single atoms, to subnanometer clusters, to NPs in high-aspect-ratio structures and porous materials [21, 22] . Generally, an ALD process includes four steps as shown in Figure 1 [23] : (1) Exposure to first precursor, (2) purge of the reaction chamber, (3) exposure to second reactant precursor, 4) a further purge of the reaction chamber. In the first half reaction (steps 1 and 2), the precursor reacts with all available active sites on the substrate and then excess unreacted precursor and reaction byproducts are purged with an inert gas. In the second reaction, the adsorbed precursor on the substrate reacts with the reactant precursor to remove the remaining ligands of the first precursor, form the target material, and regenerate active sites (step 3). The residuals of the step 3 are purged in step 4, marking the completion of the first cycle. This cycle can be repeated until the desired thickness or size is achieved. Based on the reaction mechanism, ALD allows precise control of the thickness or particle size of deposited materials at atomic scale. In addition, ALD is capable of depositing films or NPs on 1-D, 2-D and 3-D substrates, extending the application of ALD for PEMFCs where it can be used to deposit noble metal NPs on various supports, and to directly deposit noble metals and metal oxides on CLs or GDLs for MEA fabrication. In this review, we summarize the state-of-the-art progresses of employing ALD to design novel nanostructured catalyst materials to achieve improved performance in PEMFCs. Importantly, we focus on how to design novel nanostructured catalyst materials and their interactions with the substrates to improve the activity and durability for PEMFCs utilizing the unique advantages of ALD.
Theoretical studies
The impact of metal-support interactions on catalyst activity
The performance of a supported catalyst may be greatly influenced by the interactions between metal and support, occurring at the interface between the two. The so-called strong metal-support interactions (SMSIs) not only influence the activity of a supported metal through improved electron transfer, but also enhance stability by hindering catalyst particle migration [11, 24] . Hwang et al [25] found that electron transfer from Ti 0.7 Mo 0.3 O 2 to Pt can modify the surface electronic structure of Pt, resulting in SMSIs and high activity towards oxygen reduction. DFT calculations revealed that the SMSI between Pt clusters and N containing carbon materials leads to a lower resistance for electron transfer between the cluster and the substrate, facilitating electrochemical reactions [26] . Density functional calculations and Xray absorption fine structure spectroscopy tests showed the existence of strong chemical interactions between Pt and WC support which resulted in excellent catalytic activity and stability in methanol electro-oxidation [27] .
Recently, catalytic material research has shifted toward ever-smaller particles (atomic clusters, even single atom). SMSIs play a very important role in the stabilization those small particles. First-principle DFT calculations [28] showed that W x C(100) surfaces are effective supports for singleatom platinum catalysts due to the strong adsorption of Pt atoms on the surface. In addition, the adsorption of Pt atoms can reduce the surface energies of the Pt/W x C(100) system. DFT calculations by Seo et al [29] indicated that substrates with N dopants can not only increase the electronic charge on the adsorbed Pt atom but also enhance the binding strength of Pt atom to the support. Scanning tunneling electron microscopy (STEM) experiments in conjunction with DFT calculations, kinetic Monte Carlo (kMC) simulations, and ReaxFF-based Monte Carlo simulations suggested that the surface hydroxyls of oxides play an important role in increasing the interactions between Pd atoms and support, which increases diffusion barriers and prevents sintering of Pd atoms on surface of support [30] .
The impact of particle size on the activity of catalyst Studies of catalyst particle size and its effect on activity and stability are essential to understanding and designing heterogeneous catalysis. The cathodic oxygen reduction reaction (ORR) is one of the most important reactions in fuel cell operation, but its slow kinetics is a key challenge for the widespread success PEMFCs. Up to now, there remains a debate on the effect of Pt particle size on the activity for ORR and mechanisms of the ORR on Pt have not been fully understood. Some researchers reported that Pt reached a maximum mass activity at a mean particle size of 2-4 nm based on experiments and calculations [31] [32] [33] . However, a recent study showed that the specific activity of Pt increased with decreasing particle size and the ORR activity of a 0.9 nm cluster is more than 10 times higher than that of 2.5 nm Pt NPs [34] .
The oxidation of methanol on Pt proceeds via both direct and indirect pathways. It was found that at least three contiguous Pt atoms are required for methanol dehydrogenation to adsorbed CO, while two adjacent Pt atoms suffice for complete electrooxidation to CO 2 through the direct pathway [35] . DFT calculations also suggested that the indirect pathway requires an ensemble size of between 3-4 Pt atoms, whereas the direct pathway is much less structure sensitive, requiring only 1-2 metal atoms [36] .
It is widely accepted that electrochemical oxidation of formic acid proceeds via a dual pathway mechanism consisting of the direct pathway via the dehydrogenation of HCOOH and indirect pathway through the dehydration of HCOOH generating CO [37, 38] . Cuesta et al. [39] studied the oxidation of formic acid on cyanide-modified Pt(111) electrodes and suggested that two adjacent Pt atoms are enough for its complete dehydrogenation to CO 2 through the direct pathway, while intermediate-CO formation during indirect pathway would require the presence of at least three contiguous Pt atoms. This finding coincides with the DFT calculations by Neurock et al. [36] , which suggest that the direct pathway appears to occur over just one or two Pt atoms while the indirect path requires a significantly greater ensemble size, at least two or more contiguous Pt atoms.
Fundamental study for catalysts and catalyst supports by ALD
It is very important to well understand the mechanism of ALD for noble metals and metal oxides, which will benefit the design of materials for PEMFCs. This understanding is essential for better control of metal and metal oxide deposition to achieve desirable morphological and structural properties for different application requirements. In this part, we focus on studies of the mechanism and factors that affect ALD Pt deposition because the ALD Pt deposition mechanism is a model for noble metal ALD.
ALD Pt
The mechanism of ALD Pt process Pt ALD processes typically consist of alternating exposure to an organometallic precursor and oxygen gas, separated by purge steps. Pt ALD using the precursor (methylcyclopentadienyl) trimethylplatinum (MeCpPtMe 3 ) and O 2 counter reactant has been done on various substrates such as Al 2 O 3 [40, 41] ,TiO 2 [42, 43] , SiO 2 [44] , SrTiO 3 [45] since the first report, which has been considered a model system for noble metal ALD. There are two different mechanisms proposed for Pt ALD using MeCpPtMe 3 as shown in Figure 2 . The one possible mechanism proposed by Aaltone et al. [46] and Kessels et al. [47] showed that combustion reactions play a dominant role in the ALD reaction (Figure 2A ). During the precursor pulse, MeCpPtMe 3 reacts with the adsorbed atomic oxygen species and a fraction of the precursor ligands are oxidized, yielding CO 2 and H 2 O as the reaction products, due to a limited supply of surface oxygen. The remaining adsorbed precursor is completely oxidized to CO 2 and H 2 O during the following oxygen exposure. At the same time, a new layer of adsorbed oxygen forms on the platinum surface. In this mechanism, the saturation of the ALD reaction is due to the limited supply of formed oxygen species in the O 2 pulse. The reaction mechanism can be summarized by the following reactions.
The first half reaction, dosing the Pt precursor:
The second half-reaction, using O 2 :
Mackus et al. [48] , proposed another mechanism of catalytic combustion for Pt ALD. They found that, in addition to combustion reactions, the dehydrogenation of the precursor ligand also plays a role in the mechanism. The self-limitation of MeCpPtMe 3 pulse is due to the carbonaceous (C x H y ) layer that is formed as a result of the dehydrogenation reactions which prevents further precursor adsorption. As shown in Figure 2B , during precursor pulse, the MeCpPtMe 3 molecules undergo combustion and dehydrogenation reactions wherein they react with chemisorbed oxygen atoms on the surface of substrate, resulting predominantly in CO 2 and H 2 O reaction products. The surface reactions are completed until the surface oxygen is consumed, resulting in the surface being covered with a carbonaceous layer consisting of partly dehydrogenated precursor fragments. During O 2 pulse, the O 2 molecules dissociate as they chemisorb on the surface and subsequently react with the carbonaceous layer formed in the MeCpPtMe 3 pulse. As a result, the carbonaceous layer is removed and replaced with a new layer of chemisorbed oxygen species. The formation of this carbonaceous layer has been confirmed in recent experiments by Geyer et al. [49] However, the above mechanisms for Pt ALD are proposed on preexisting Pt particles or layers. It is currently not clear how the first few Pt atoms are deposited on the other substrates. In the first few cycles, the active sites for deposition on other substrates, such as metal oxides or carbon, are various functional group instead of only adsorbed oxygen atoms. In this case, the surface reactions are dominated by the property of substrate and interactions between substrate and precursor as well as reactant. Marshall et al. [50] and Medlin et al. [51] suggested that the OH group on metal oxides play a significant role in the nucleation of Pt atoms. There are several processes that may play a role in the nucleation stage ( Figure 3A ) [52, 53] : (i) atom diffusion; (ii) particle ripening/Ostwald ripening and (iii) spillover of species from the NPs. Pt nanoparticle formed via an island growth mechanism (Volmer-Weber mechanism) during the initial stages of ALD process, followed by island coalescence and formation of a continuous thin film as shown in Figure 3B . During the individual islands coalescence into a continuous film, the in-plan strain of the Pt lattice undergoes a transition from compressive stain to tensile stain, resulting in reduced surface energy [54] .
The effect of substrate Based on sequential and self-limiting reactions, ALD is capable of producing thin films of a variety of materials with precise control at the atomic level. However, some deviations from ideal growth, such as nucleation delay or island growth during the initial film growth stage of Pt ALD, were observed. The properties of the substrate are [51, 55, 56] . In addition, it has been indicated that nitrogen-doped substrates can favor the ALD process due to their N-containing surface groups, making these materials excellent for growth of ALD metal or metal oxide [57] [58] [59] [60] . Functionalizing substrates by plasma treatment has also been proved to be an effective way to increase the functional groups for ALD reaction [61] [62] [63] [64] . Functionalization of substrates allows for uniformly distributed NPs with different density and area-selective deposition. (ii) Difference in surface energy of ALD metal and substrate. When the surface energy of the substrate is lower than the free energy of deposited materials, the deposited materials cannot wet the substrate, resulting in insufficient adsorption sites. This dewetting results in an island growth mode. However, when the reverse is true, then a layer-by-layer growth mode is preferred. So, the substrate with higher surface energy enables the growth of continuous and ultrathin films of lower surface energy metals. The relationship between surface energies and the wetting behavior can be explained by empirical Young's Eq. (3) when assuming the initial Pt nanoclusters that form during nucleation are treated as liquid droplets on a substrate [65, 66] .
where γ s is the surface energy of the substrates, γ l is the surface energy of the Pt nanocluster "droplet.",γ sl is the interfacial energy between the substrate and Pt nanocluster "droplet", θ is the contact angle between the Pt nanocluster "droplet" and the substrate. When cos θ approaches 1 as the contact angle approaching zero, indicating that Pt nanocluster "droplet" spreads on the surface of the substrate. Under this conditions, Young's equation becomes γ s ¼ γ sl þγ l : Assuming a finite interfacial energy, Pt nanocluster "droplet" will spread on the substrate when γ s 4γ l . Therefore, the underlying substrate has a higher surface energy than the Pt nanocluster "droplet" on the substrate. Pt has a high surface energy ($ 2.5 J/m 2 ) [67] which is higher than surfaces of most substrates such oxide surfaces and carbon materials, making it difficult to form ultrathin films through layer-by-layer growth. It was reported that tungsten (W) has higher surface energy ($3.5 J/m 2 ) [67] and Pt atoms can wet the W surface. Baker and co-worker [68] firstly deposited W ALD adhesion layer on Si substrate and suggested a continuous Pt film formed at thicknesses 41.5 nm. Predeposition pulses of trimethylaluminum (TMA) can improve the wetting of a substrate to facilitate the Pt film growth [69] . Functionalizing substrates might allow Pt particles to nucleate more closely together to over the substrate surface so that fewer ALD cycles can be used to lower the film thickness, resulting in film thickness closer to a monolayer. (iii) The interactions between ALD metal and substrate. The natural tendency for noble metal atoms leads to diffusion and agglomeration. This results in the formation of discrete metal islands in the early stage of deposition [52] . The metal atoms will diffuse to form metal nanoclusters to minimize the system energy. So the interaction between ALD noble metal and the surface of the substrate plays an important role in stabilizing atoms to form a film during initial growth. DFT calculations suggested that hydroxyl groups decrease the adsorption strength of noble metal atoms on the support due to steric repulsion and/or decreased electrondonating ability of the surface, but drastically increase the diffusion barriers of metal atoms on the surfaces [70, 71] . Stambula et al. [72] found that the edge locations of nitrogen doped graphene help to stabilize Pt atoms and clusters because the near edge structures promote an increase in the Pt-C binding energy.
The effect of ALD processes O 2 -based process. Thermal Pt ALD process mostly uses molecular oxygen as the counter reactant and are done at a deposition temperature of 250-300 1C. This is chosen because thermal decomposition occurs for temperatures above 300 1C and low growth rates are observed for temperatures below 250 1C. Based on the above discussion of mechanisms for Pt ALD, during the O 2 pulse, there are no surface sites available for dissociative chemisorption of O 2 due to the surface is total covered with Pt precursor. Consequently, O 2 half reactions require an elevated temperature, which is likely the reason why thermal ALD does not yield growth at temperatures below 200 1C.
Ozone based process. In order to lessen the nucleation delay and minimize deposition temperature, the highly reactive counter reactant, ozone instead of oxygen, was used to noble metal ALD. It has been shown that pure Pt films can be grown by ALD at temperatures of 100-300 1C using MeCpPtMe 3 and ozone as precursor and reactant gas, respectively [73] . Furthermore, ozone-based process also shows higher growth rate than when O 2 is used as reactant gas [73, 74] . The surface reactions during ozone-based process are believed to be fairly similar to the surface reactions during O 2 -based process. The substrate needs to provide functional groups to react with MeCpPtMe 3 , but functional groups on the substrate are limited. The benefit of the ozone gas may be to create extra functional group/ active sites on the surface to facilitate the reactive adsorption of MeCpPtMe 3 , which effectively increase the number of Pt nuclei and lessen the nucleation delay [74] . Compared with O 2 , another advantage of ozone is the higher combustion ability of precursor ligands, which allows Pt ALD may proceed at relatively low temperature (below 200 1C). In addition, highly reactive ozone leads to more surface PtO formation which is also increase the Pt ALD growth [75] . Plasma-based process. Plasma is another effective way to increase Pt ALD growth at low temperature [76] [77] [78] . An initial delay in nucleation is also found in plasma ALD, which is mainly due to the limited surface functional groups on substrate. However, ALD with MeCpPtMe 3 and O 2 plasma nucleates and grows much faster than thermal Pt ALD with MeCpPtMe 3 and O 2 . [79] There is no need to first dissociate the O 2 at higher temperatures (above 200 1C) to participate in surface reactions for plasma ALD. Plasma can produce the reactive O radicals from the gas phase during O 2 pulse, which allows the combustion of precursor ligands at much lower temperatures. As a result, Pt can be deposited at temperatures as low as room temperature using plasma ALD. In addition, the O 2 plasma promotes the formation of PtO x phases with higher oxygen content relative to the PtO x phases formed by O 2 gas exposures, [80] resulting in the enhancement of Pt ALD growth. The oxygen content can be controlled through the deposited temperature and O 2 plasma exposure time ( Figure 4A ) [81] .
To avoid the oxidation of Pt to PtO x due to strong oxidizing agent such as ozone or oxygen plasma, it is necessary to add a step to the ALD cycle in which the surface is exposed to a reducing gas, converting the top PtO x layer into Pt. At room temperature, Mackus and coworkers [82] prepared pure Pt by three-step plasma ALD processes including MeCpPtMe 3 , O 2 and H 2 gas pulses. This development of low-temperature ALD process is very important for designing materials for fuel cells because it enables the deposition of noble metal on temperature-sensitive materials such as polymers and fibers ( Figure 4B ) [82] .
The ALD Pt precursors Although MeCpPtMe 3 is the most widely used Pt precursors in ALD, some other Pt precursors such as Pt(acac) 2 (acac = acetylacetonato) [83, 84] 2 has lower thermal stability which make it unsuitable precursor for thermal ALD. However, the precursors of Pt(acac) 2 is cheaper resulting in the decrease in the cost of Pt in PEM fuel cells. Platinum oxide and platinum thin films have been grown by ALD using Pt(acac) 2 as precursor and highly reactive counter reactant, ozone instead of oxygen [86] . It was shown that Pt and PtO x films could be obtained as a function of deposition temperature. PtO x films were obtained in the narrow temperature window of 120-130 1C and the metallic Pt thin films could be obtained at 140 1C and above [86] . To achieve the metal Pt films at lower temperature (120) (121) (122) (123) (124) (125) (126) (127) (128) (129) (130) o C), Hämäläinen et.al [87] used Pt(acac) 2 -O 3 -H 2 processes, a molecular H 2 pulse after ozone in the pulsing sequence to reduces platinum oxide to metallic Pt. The growth rates of the Pt films deposited at 120 and 130 1C were found to be 0.26 and 0.27 Å/cycle. The growth rates of the PtO X films in the corresponding Pt(acac) 2 -O 3 process were about 0.3 and 0.5 Å/cycle [86] . George et.al [85] reported that Pt nanoparticles were grown on titanium oxide and tungsten oxide at 200 1C by Pt ALD using Pt(hfac) 2 and formalin as the reactants. The mechanism of Pt ALD using Pt(hfac) 2 and formalin is similar to Pd ALD using Pd(hfac) 2 and formalin extensively discussed in below part 3.2.
Design of Pt catalysts by ALD ALD has been applied to deposit Pt on various supports and shows the capability of high control of catalyst size from single atoms, to subnanometer clusters, to NPs. The size and loading of supported Pt can be precisely controlled by simply adjusting the number of ALD cycles and substrate surface properties. Pt NPs with diameters ranging from 0.5 to 3 nm were formed on Si/TiO 2 core-shell nanowires by ALD with different cycles [88] . Lei et al. [89] achieved 1-3 nm Pt NPs on Al 2 O 3 using ALD with good dispersion and a particle size distributions of 1 7 0.3, 2 7 0.5, and 3 7 0.6 nm using 1, 3, and 5 cycles, respectively ( Figure 5A ). The formation of Pt nanowires (NWs) by ALD on highly ordered pyrolytic graphite (HOPG) has recently been developed by Lee et al as shown in Figure 5B [90] . Pt ALD selectively deposited on the step edges of the HOPG and not on the basal planes, resulting in laterally aligned nanowires. Pt NWs are formed at these defects following Pt NPs coalesce during the deposition. It was indicated that the height and width of the nanowires can be controlled by the number of ALD cycles. Pt NWs have been shown to have higher stability than Pt NPs in fuel cell applications [91] . An innovative ALD process was established to grow regular arrays of Pt nanotubes (NTs) on pre-patterned alumina templates and Pt NTs with an infiltration depth up to 6 μm are achieved in those alumina templates [92] . This finding is critical for fuel cell application, by allowing Pt catalysts to be directly deposited in the catalyst layers, leading to enhancement in Pt utilization. In addition, half ALD cycles can be saved for growing similar Pt films with the low N 2 filling step, resulting in the effective utilization of precursors [92] . Deng et al. [93] prepared a novel porous 3D network comprised of free standing Pt NWs using ALD Pt on MWCNTs followed by annealing to remove the carbonaceous template. 
ALD Pd
Currently, the most widely adopted precursor for Pd ALD is the hexafluoroacetylacetonate Pd(hfac) 2 (Pd(C5HF6O 2 ) 2 ). However, unlike Pt ALD processes, attempts to develop an ALD process for Pd using Pd(hfac) 2 as precursor and O 2 as counter reactant were unsuccessful because ALD processes based on Pd(hfac) 2 require a true reducing agent such as formalin or H 2 . The mechanism for Pd particle formation during ALD is not yet clearly understood. Similar to the Pt ALD process, the Pd(hfac) 2 precursor first needs to reacts with the surface functional groups and then is reduced by atomic hydrogen produced from HCOH or H 2 . Taking the deposition of Pd ALD on alumina surfaces for example, one possible reaction mechanism during the first ALD cycle is believed to be: [94, 95] AlÀOH Ã þPd hfac ð Þ 2 -AlÀOÀ Pd hfac ð Þ Ã þHfac ð4Þ
Al ÀOÀ Pd hfac ð Þ Ã þHCHOH-AlÀOÀ PdÀH x Ã þHfac þCO þ0:5 1À x ð ÞH 2 Elam and co-workers [94] successfully deposited pure Pd films on Al 2 O 3 by ALD using Pd(hfac) 2 and formalin as precursor and counter reactant, respectively. However, they found that this process was only effective at 200 1C and did not work at 100 1C. Elam et al. [95] also explored different approaches to synthesize ultrasmall Pd particles on an alumina support by modifying the conventional Pd ALD process based on Pd(hfac) 2 and formalin dosing. They found that ultrasmall (subnanometer) Pd particles were synthesized using low-temperature metal precursor exposures, followed by applying protective ALD alumina overcoats. To achieve single Pd atom, Lu et al. [96] used one cycle ALD, but long time of Pd(hfac) 2 exposure to let the Pd precursor react completely with functional group on graphene. Like Pt ALD, Pd ALD also show the nucleation delay or island growth during the initial film growth stage. The surface poisoning by remaining precursor ligands is believed to be one main reason for the long nucleation delay in Pd ALD [97] . Exposures of trimethylaluminum (TMA) during Pd ALD using Pd(hfac) 2 and formalin on Al 2 O 3 surfaces can effectively shorten the nucleation delay and reduce the growth temperatures since TMA removes Al(hfac)* surface species formed during precursor adsorption that block surface sites [98] .
Plasma-assisted ALD process based on Pd(hfac) 2 and H 2 plasma dosing can also be used to increase the Pd nucleation and decrease the deposition temperature. When using an H 2 plasma as counter reactant during Pd ALD, it directly generates atomic hydrogen to initialize Pd nucleation, leading to an increase in Pd ALD growth. Ten Eyck et al. successfully used H 2 plasma [99] or H 2 /N 2 plasmas [100] to deposit Pd film on various supports at low temperatures (80 1C) . In order to remove the carbon contaminants from the Pd surface after the H 2 plasma reduction, a third step-O 2 plasma was added to speed up nucleation of the Pd NPs [101] . In addition, the Pd(thd) 2 (thd = 2,2,6,6-tetramethyl-3,5-heptanedionato) also were studied as ALD Pd precursor. Hämäläinen et.al [87] prepared palladium thin films using Pd(thd) 2 , ozone and hydrogen i.e. Pd(thd) 2 -O 3 -H 2 by ALD. They believed that Pd maybe adsorb hydrogen during the H 2 pulse and then this hydrogen is available to react with Pd (thd) 2 which thereby looses its ligands as Hthd [87] .
ALD Bi-metal
The size of bimetallic NPs synthesized by conventional methods is relatively larger, which is not ideal for some chemical reactions that require a high specific surface area. The synthesis of uniform bimetallic NPs with diameters below 2 nm has proved challenging for traditional catalyst synthesis methods such as wet impregnation and colloidal chemistry. Christensen et al. [102] synthesized supported Pt-Ru nanostructure catalysts using alternating exposures to 2,4-(dimethylpentadienyl) (ethylcyclopentadienyl)ruthenium(DER) and oxygen for Ru ALD and trimethyl (methylcyclopentadienyl) platinum (Pt(MeCp)Me 3 ) and oxygen for Pt ALD. The dimethylpentadienyl ligand in DER was found to enhance the active nucleation of Ru and retarded the oxidation of the grown Ru layer. [103] The Ru/Pt ratio in the deposits could be precisely controlled by just adjusting the ratio between the DER/O 2 cycles and the Pt(MeCp)Me 3 /O 2 cycles. TEM showed that the size of ALD deposited Ru-Pt NPs is about 1.2 nm in diameter on the alumina support ( Figure 6A ), and extended X-ray absorption fine structure (EXAFS) measurements confirmed that the Ru-Pt NPs were bimetallic.
Challenges for supported bimetallic core-shell NP synthesis by ALD include the selective growth of the secondary metal only on the primary metal surface while avoiding growth on the support. The mechanism for noble metal ALD suggests that dissociative chemisorption of counter reactants depends on the substrates, temperature and pressure. Kessels et al. [104] achieved the selective growth of Pt on Pd cores and Pd on Pt cores by ALD method based on differences in the dissociative chemisorption of counter reactants on substrates. For ALD Pt shell -Pt core catalyst, they carefully choose the O 2 pressure and found that no Pt growth occured on the Al 2 O 3 substrate at an O 2 pressure of $7.5 mTorr. ALD Pt growth did occur on the Pd substrate, though, at that pressure. The Pd core was first prepared at 100 o C on Al 2 O 3 using a H 2 plasma as the reducing agent, then the Pt shell was deposited on the Pd core using the O 2 pressure of $7.5 mTorr at 300 o C. In addition, in thermal ALD process, H 2 dissociatively chemisorbs on the Pt and Pd and not on Al 2 O 3 . They also selectively deposited a Pd shell on Pt core using H 2 as the reductant at 100 o C, where the Pt core was prepared using a high oxygen pressure ($750 mTorr) at 300 1C.
Elam and co-workers [105] also applied ALD to synthesize ultrasmall supported Pt-Pd core-shell NPs in the 1 to 2 nm range. The metal loading and composition of the supported Pt-Pd NPs could be precisely controlled by varying the deposition temperature and by applying ALD metal oxide coating to modify the support surface chemistry. For example, two different loadings and compositions of bimetallic NPs were synthesized as following: one ALD Pt cycle at 250 1C followed by one ALD Pd cycle at 100 1C on 5-cycle Al 2 O 3 -coated SiO 2 gel; one ALD Pt cycle at 100 1C followed by one ALD Pd cycle at 100 1C on 5-cycle TiO 2 -coated SiO 2 gel. X-ray fluorescence spectroscopy (XRF) and inductively coupled plasma (ICP) tests indicated that the metal loadings were 1 wt% Pd and 1 wt% Pt on Al 2 O 3 , and 1 wt% Pd and 2 wt% Pt on TiO 2 . Very recently, Elam et al. [106] further developed the ALD process for growth of two metals at the same temperatures. By carefully adjusting the ALD temperature and the proper choice of suitable counter reactant and substrates, they synthesized the different substrates supported bimetallic core-shell NPs as shown in Figure 6 B and C. The size, composition, and structure of the bimetallic NPs are precisely controlled by tailoring the precursor pulse sequence. For example, the 5Pd core 15Pt shell NPs typically prepared on spherical alumina using 5 cycles Pd ALD (Pd(hfac) 2 + HCHO) followed by 15 cycles Pt ALD (MeCpPtMe 3 + O 2 ) at 150 1C. STEM images with higher magnification confirmed the existence of a Pd core Pt shell structure and the average size of 5Pd core 15Pt shell NPs were 2.770.63 nm. Similarly, a sample of Pt-core Pd-shell bimetallic NPs could been prepared on spherical alumina using 12 cycles Pt ALD (MeCpPtMe 3 +O 3 ) followed by 20 cycles Pd ALD (Pd(hfac) 2 + H 2 ) at 150 1C (12Pt-core 20Pd-rich-shell).
ALD for fuel cell applications
A PEM fuel cell is an electrochemical energy conversion device that convert fuels such as hydrogen, methanol, or formic at anode and oxygen at cathode into water, producing electricity and heat in the process and providing fuel efficiency and reductions in pollutants. The key part of a PEM fuel cell, which is known as a membrane electrode assembly (MEA), consists of a polymer electrolyte in contact with an anode and a cathode on either side. Figure 7 illustrates the operational processes of a typical polymer electrolyte membrane fuel cell (PEMFC) with hydrogen as fuel. [107] Hydrogen is delivered to the anode through the flow field channel of the anode plate, where it can be oxidized by catalysts producing positively charged protons and negatively charged electrons. The protons pass through the electrolyte and reach to the cathode side, while the electrons travel to an external circuit with supplying a current. At the cathode, oxygen is delivered through the channeled plate to the cathode. With the assistant of catalyst, oxygen (O 2 ) combine with positively charged protons and negatively charged electrons producing water and releasing some heat.
Cathode catalysts for oxygen reduction
The inherently sluggish kinetics of the oxygen reduction reaction (ORR) and instability of platinum at the cathode are the foremost challenges for widespread commercialization of PEMFCs. [108] [109] [110] [111] [112] [113] Currently, carbon black is the most widely used support material to promote Pt activity towards ORR. However, Pt catalysts at the cathode operate under very severe conditions, such as low pH (o1), high oxygen concentration, high humidity, and at high potentials ($ 0.6-1.2 V), [9, 114] resulting in the agglomeration of Pt NPs and thereby rapid degradation of Pt performance [10, 115, 116] . Furthermore, the weak interactions between carbon black and the Pt NPs lead to detachment from the support or agglomeration caused by particle migration [12, 20] and a consequent decrease in the activity [12, 117] . Besides the challenges to improve catalyst stability, it is highly desirable to improve Pt activity and decrease Pt loading in PEMFCs because of the high cost and limited availability of Pt [118] [119] [120] . Therefore, it is extremely desirable to develop highly active and stable ORR electrocatalysts.
One successful design of high-stability Pt catalysts is deposited Pt NPs on corrosion-resistant support materials that have SMSIs with Pt. SMSIs play an important role in the supported catalysts [19, 121] by improving the activity and enhancing the stability of catalysts [15, 122, 123 ]. Sun's group [124] used ALD to stabilize Pt catalysts by increasing the Pt-support interactions through precisely controlling the metal-support interface at the atomic level ( Figure 8A ). ALD proceeds by forming bonds between initial atomic layer of a reactive species and the surface of the support during the first cycle. This ensures a strong interaction between the deposited material and the support. Zirconium carbide (ZrC) was used as support for deposition of ALD Pt, in part because it is more corrosionresistant than carbon, [125, 126] and because it can promote Pt ORR activity [127] . The ALD-Pt/ZrC catalyst exhibited very high activity and durability towards ORR compared with CW-Pt/ ZrC (synthesized by a conventional chemical reduction method) and commercial Pt/C (E-TEK) catalysts. Moreover, after accelerated durability tests (ADT), the ALD-Pt/ZrC nanocomposite was almost 5 times more stable than commercial Pt/C and more than 3 times more stable than CW-Pt/ZrC nanocomposite ( Figure 8B ). The ALD-Pt/ZrC nanocomposite showed a mass current density of 0.12 A/mg Pt at 0.9 V, which is much higher than those for Pt/C and CW-Pt/ZrC catalysts (0.07 and 0.04 A/ mg Pt , respectively) ( Figure 8C ). After ADT, the ALD-Pt/ZrC nanocomposite had almost 9 times higher ORR activity than Pt/C. The X-ray absorption near edge structures (XANES) results indicated that ALD-Pt /ZrC catalysts show more noticeable change in the electronic structure of Pt compared with the CWPt/ZrC, sysnthesized by conventional chemical reduction method, which confirmed the presence of enhanced SMSIs between ALD-Pt NPs and ZrC enabled by the ALD process. It was found that the interactions of metal and support play a role in the ALD-Pt morphology. Wang et al. [128] demonstrated a highly selective Pt growth on the b-planes of TiSi 2 nano-nets by ALD. The Pt NPs exhibited an unusual 5-fold twinned structure that preferably exposed Pt (111) surfaces and thus showed higher ORR activity than Pt/C catalysts. They suggested that the interaction between Pt and the TiSi 2 nano-net b-planes may be the key to the formation of twinned Pt NPs.
Pt encapsulation is believed to be another effective strategy for stabilizing Pt catalysts due to their unique structure [129] [130] [131] . However, it is challenging to design and optimize the structure of Pt encapsulation to avoid blocking the active sites of Pt catalysts. Based on above discussion, surface reactions play an important role for both the nucleation and growth of Pt during the ALD process. Taking advantage of the high sensitivity to substrate surface conditions required for Pt deposition, [104, [132] [133] [134] [135] [136] the superior control of the structure of Pt encapsulation could be achieved through an areaselective deposition process. Recently Cheng et al. [117] demonstrated a facile approach to stabilize Pt catalysts by encapsulation in stable zirconia nanocages which are synthesized by area-selective ALD. Area-selective ALD is a novel technique in which material is deposited only where needed, thus avoiding blockage of the active Pt catalyst sites. The design of Pt NPs was carried out by initially depositing Pt on nitrogen-doped carbon nanotubes (NCNT) by ALD, followed by the application of a blocking agent (oleylamine) to the Pt NPs surface as shown in Figure 9A . ALD zirconia was then selectively grown around the Pt NPs, but did not deposit on the Pt surface due to the blocking agent. An open, or holey nanocage achritecture can be formed by precisely controlling the ALD metal oxide layers ( Figure 9C ). These architectures are essential as they allow reactants, such as oxygen and protons, to reach the surface of the Pt. The catalyst encapsulated in zirconia nanocages indicated very high stability and activity towards ORR in acidic media. Pt NPs encapsulated in zirconia nanocages were 9 times more stable than ALD-Pt on NCNT without zirconia nanocages and 10 times more stable than commerical Pt on carbon black (Pt/C) ( Figure 9B ). The novel catalyst also exhibited more than 6 times greater ORR activity than Pt/C. These remarkable improvements in stability of this novel catalyst are attributed to the presence of the zirconia nanocages which prevent Pt NP migration and agglomeration on the support. In addtion, it is suggested that the enhanced activity of Pt encapsulated in zirconia nanocages was mainly due to the the small size Pt NPs and the synergetic effects of Pt and ZrO 2 .
Metal oxides combined with carbon supports have been shown to promote Pt activity and improve stability as a result of synergistic effects between Pt-metal oxide interactions and electrical conductivity [15, [137] [138] [139] . The underlying metal oxides result in stronger interactions occurring with Pt NPs, generating active interfacial regions in the electrocatalysts resulting in enhanced activity and stability of the catalyst [11] . However, it is still a challenge to deposit ultrathin/ultrafine, highly uniform, porous metal oxide films or particles on carbon supports. A novel hybrid support consisting of ZrO 2 /nitrogen-doped graphene nanosheets (ZrO 2 /NGNs) was successfully synthesized through ALD by Sun's group [122] and Pt-ZrO 2 /NGNs catalyst exhibited considerably improved activity and durability over Pt/NGNs due to the unique triple-interaction of ZrO 2 -PtNGNs. Pt-ZrO 2 /NGNs catalyst has higher ORR activity than Pt/NGNs. Pt-ZrO 2 /NGNs catalyst also demonstrated 2.2 times higher durability than that of Pt/NGNs, measured by electrochemical surface area retention after potential cycling. These findings indicate that metal oxide-metalsupport is a promising catalyst structure for low temperature fuel cells. This group also achieved similar results when developed ALD SnO 2 to improve the activity and durability of Pt catalysts [140, 141] . In addition, the structure of SnO 2 has a remarkable influence on the stability of Pt catalyst. The crystalline SnO 2 showed more effective than the amorphous SnO 2 in stabilizing the Pt catalysts [141] .
Uniform ultrathin (even monolayer-level) Pt films have been demonstrated as effective ORR catalyst architectures, as they efficiently utilize Pt and are highly active for the ORR due to the special structural and electronic properties of the Pt skin [142] [143] [144] [145] [146] . It has been found that ultrathin Pt films have higher stability than Pt NPs [144, 147] . However, those ultrathin Pt films were usually deposited on the noble metal surface, not inexpensive materials, which increases the catalyst cost. A better solution is to deposit a uniform ultrathin Pt films on an inexpensive, high surface area material to obtain the desired activity and stability at reduced cost. It is still challenging to deposit uniform ultrathin layers on inexpensive materials by traditional methods. 3M's widely-cited nanostructured thin film (NSTF) catalysts have shown remarkably high efficiency and power density compared to conventional Pt/C electrodes when functioning as a PEMFC cathode, although their electrochemical surface areas are much lower than Pt/C catalysts [148] [149] [150] . ALD is believed to be a promising method for depositing uniform ultrathin films on the inexpensive materials. To deposited uniform Pt films, George et al. [65] suggested that a tungsten (W) ALD adhesion layer is needed to deposit on the substrate prior to Pt ALD, since W has higher surface energy than Pt which can promote the growth of uniform Pt film ( Figure 10A ). Continuous and ultrathin Pt ALD films were grown on 3M NSTF substrates at 120 1C using a high surface energy W ALD adhesion layer. The 3M NSTF substrates were initially coated with 20 cycles of Al 2 O 3 ALD to establish a seed layer for the W ALD layer at 120 1C. Subsequently, the W ALD adhesion layer was deposited using two sequences of 14 W ALD cycles and 1 Al 2 O 3 ALD cycle at 120 1C. The ultrathin Pt ALD film was then deposited using 150 cycles of Pt ALD at 120 1C. The Pt and W ALD film thicknesses are estimated to be about 4 nm ( Figure 10B ). Morimoto and co-workers deposited ALD Pt ultrathin film on a surface of SiO 2 nanofibers (NF) to form the 3M NSTF like catalysts. The single cells with MEA using this Pt/SiO 2 NSTF as the cathode showed comparable performance to the conventional Pt/C cell in spite of the much smaller electrochemical surface area (ECSA).
Anode catalysts for hydrogen oxidation
Unlike the sluggish ORR kinetics on Pt at a cathode, the kinetics of the hydrogen oxidation reaction (HOR) on Pt catalysts in a PEMFCs are so fast that the cell voltage losses at the anode are negligible. Thus it need lower Pt loading at the anode in comparison with the cathode in PEMFCs. However, the Pt loading at the anode need to further decrease to meet the 2020 target for fuel cell automotive applications set by the Department of Energy (DOE). One of advantage of ALD in comparison with other deposition methods has an ability to deposit noble metals or metal oxides on 3-D materials. This unique property allows ALD to directly deposit Pt atoms on the surface of electrode's materials (such as gas diffusion layer) to form the catalyst layer in PEMFCs, resulting in high Pt utilization and the decrease in Pt loading in electrodes. In addition, this method also can help to promote the formation of three phase boundary in the electrode because the Pt catalysts were only deposited on the areas of the electrode where the reactants such as oxygen can diffuse into.
Hsieh et al. [151] directly deposited Pt NPs by ALD on a gas diffusion electrode consists of CNT and GO as shown in Figure 11A . The membrane electrode assembly (MEA) was fabricated using the ALD-Pt electrode as the anode to study the performance of a single cell. The results of single cell test showed that the design of ALD-Pt catalyst electrodes offers an improved catalytic activity. They also investigated the effect of ALD cycles on the cell performances ( Figure 11A ). Perng et al. [152] first treated CNTs with nitric acid and then passed the ink of CNTs onto the carbon cloth followed by deposition of Pt by ALD. They test the performance of MEA made with ALD Pt on CNTs as both anode and cathode and found that the specific power density of the MEA made with Pt/CNT/carbon cloth composite electrode for both anode and cathode with Pt loadings of 0.019 and 0.044 mg cm -2 , respectively, is 11 times higher than that made with E-Tek electrodes. This result revels that ALD can significantly decrease the Pt loading in the electrodes in PEMFCs. Recently, Shu et al. [153] applied ALD to directly deposit Pt on the gas diffusion layer to form the catalyst layer. The performance of MEA with the ALD anode (ALD-MEA) show very high mass activity of 4.80 kWgPt -1 which is 2.53 times higher than that of the MEA with the anode prepared using the commercial catalyst and a conventional screen printing method (CC-MEA)( Figure 11B a and  c) . The improved power density of ALD-MEA can be attributed to the well-dispersed Pt NPs on the outer surface of the electrode instead of the interior surface of the electrode by screen printing method. The lower charge-transfer resistance of ALD-MEA is believed to be another reason for the improved performance (Figure 11Bc ). In addition, this ALD-MEA also show higher stability in comparison with CC-MEA (Figure 11Bd) . The high performance, low platinum loading and high Pt utilization make ALD a promising technique for fabricating the MEAs of PEMFCs.
Anode catalysts for methanol oxidation
Direct methanol fuel cells (DMFC) are believed to be an attractive power sources for portable and vehicular applications due to the simplicity of the system and the adaptability of the liquid fuel. Despite considerable advances in recent years, the commercialization of DMFCs is hindered by several technical and economical issues. Poor electrocatalytic activity toward methanol oxidation reaction (MOR) and serious CO poising of Pt catalyst at the anode, as well as crossover of methanol from anode to cathode are the most pressing challenges.
Precious metal (especially Pt) NPs supported on carbon black are most commonly employed as the anode catalyst because of their excellent performance in MOR. However, catalyst utilization in this architecture is extremely low, as the active sites are only located on the outermost surface of the catalyst particles. Downsizing catalyst NPs to single atoms or clusters is an effective solution to maximizing their efficiency by utilizing nearly all Pt atoms. However, synthesizing these remains very challenging. Sun's group [154] reported on a practical synthesis method to produce isolated single Pt atoms anchored to graphene nanosheets (GNS) using the ALD technique. After 50 cycles ALD Pt on GNS, high angle annular dark field STEM (HAADF-STEM) images ( Figure 12A) showed, in addition to some Pt NPs, the presence of numerous individual Pt atoms as well as very small Pt clusters (o1 nm) consisting of a few atoms. Furthermore, the morphology, size, density and loading of Pt on graphene can be precisely controlled by simply adjusting the number of ALD cycles. After 100 cycles, some clusters appear larger, forming NPs with two groups of average size of 1 nm and 2 nm, respectively. Finally, after 150 cycles some existing clusters and particles from the 50 and 100 cycle samples appear to be even larger with three groups of sizes with 1, 2 and 4 nm, respectively. The single Pt atom catalysts have been tested for their MOR activity, where they exhibit significantly enhanced catalytic activity (up to 10 times) in comparison to the state-of-the-art commercial Pt/C catalyst ( Figure 12B ). In addition, these single Pt atoms indicated superior CO tolerance compared to conventional Pt/C catalyst. The increased activity of the MOR on the ALD50-Pt/GNS is mainly related to the fact that its catalysts are the smallest in size, resulting the utilization of much more platinum atoms. X-ray absorption fine structure (XAFS) analysis reveal that the low-coordination and partially unoccupied densities of states of 5d orbital of Pt atoms are also responsible for the excellent performance ( Figure 12C ).
Pt-Ru systems have been extensively explored due to their high catalytic activity towards MOR in acidic media. The enhanced Pt activity towards MOR by addition of Ru is due to the bifunctional mechanisms. The addition of Ru provides the surface oxygen species to promote the oxidation of CO molecules adsorbed on Pt surface. In addition, the addition of Ru alters the electronic structure of Pt resulting in a decrease The inset is the enlarged CV curves at the onset potential region of the methanol oxidation on different catalysts. The methanol oxidation peak current density indicates that ALD50Pt/GNS is 4 and 2.7 times more active than ALD100Pt/GNS and ALD100Pt/GNS, respectively. Most importantly, all ALDPt/GNS catalysts exhibit several times higher activity for MOR than that of Pt/C catalyst. In partticular, ALD50Pt/GNS is over 9.5 times more active than of Pt/C catalyst. (C) The normalized XANES spectra at Pt L 3 edge. Inset in C shows the enlarged spectra at Pt L 3 edge. (Reproduced with permission from Ref. [154] , Copyright NPG publisher, 2013).
in the Pt-CO bond strength. Johansson et al. [155] first studied the effect of Ru-decorated Pt NPs by ALD on the activity of Pt NPs towards MOR. The precursors were trimethyl(methylcyclopentadienyl)platinum (MeCpPtMe 3 ), bis(ethylcyclopentadienyl) ruthenium (Ru(EtCp) 2 ) and O 2 as the reactant in both ALD processes. The Pt NPs were first deposited on NCNTs by ALD and the size of Pt NPs were easily controlled at the range of 1.5 and 6 nm by varying the ALD cycle number. The Pt NPs decorated with Ru of various loading were achieved by adjusting the Ru ALD cycle number. The small amount of ALD Ru can significantly improve Pt performance. The Pt NPs decorated with 5 ALD Ru cycles exhibited highest catalytic activity towards MOR and CO oxidation, followed by the catalysts with 10 and 20 ALD Ru cycles. Recently, this group deposited the Pt-Ru alloy on NCNTs by ALD and found that PtRu NPs were well dispersed. [156] During ALD deposition of PtRu NPs, the growth rate of Pt was 0.46 Å/cycle, whereas it was 0.29 Å/cycle for Ru. The composition of the particles was controlled by varying the Pt-to-Ru ALD cycle ratio and the size of NPs is reduced as the Ru content is increased. The XRD confirmed that formation of bimetallic Pt-Au. All Pt-Ru NPs showed higher current densities than pure-Pt NPs on NCNTs. With the increase in Ru contents, the activity of Pt-Ru NPs towards MOR gradually increased and the Pt-Ru NPs with a Ru content of 29 at% had highest MOR activity. Jiang et al. [157] also investigated the effect of composition of ALD Pt-Ru film on MOR activity and found that the film with the highest activity had a stoichiometric Pt:Ru ratio of around 1:1. Mo 2 C was found to play a similar role as Ru in promoting Pt activity towards MOR because the MoO x layer on the surface of Mo 2 C favors the adsorption of OH in solution and acts as a nanostructured OH reservoir for removal of CO poisoning from the Pt surface [158] . Pt NPs were deposited on Mo 2 C nanotubes using a controllable ALD technique. Pt/ Mo 2 C showed much higher catalytic activity for MOR and superior CO tolerance, when compared with those of the conventional Pt/C and PtRu/C catalysts. Besides the effects of the Mo 2 C support, the smaller particle sizes relative to the commercial Pt/C catalyst were cited as the reason for improved activity of Pt/Mo 2 C toward MOR.
Anode catalysts for formic acid oxidation
Direct formic acid fuel cell (DFAFC) systems as electrochemical power sources have several advantages over direct methanol fuel cells (DMFCs) [37, 159] . For example, formic acid is non-toxic, non-flammable, and has a smaller crossover flux through Nafion s membranes than methanol allowing the use of highly concentrated fuel solutions and thinner membranes in DFAFCs [160] . DFAFCs also have a higher electromotive force (EMF) than either hydrogen or direct methanol fuel cells [161] .
It is widely known that formic acid oxidation on Pt catalysts occurs via a dual pathway mechanism: dehydrogenation reaction and dehydration reaction. During dehydration reaction, Pt-based catalysts are prone to poisoning by CO intermediate species, resulting in large overpotential. To overcome this problem, Pt catalysts were deposited on graphene oxide (GO) sheets by ALD to improve anti-poisoning ability toward the oxidation of formic acid. The oxygen functional groups on the surface of GO, such as carboxylic and hydroxyl groups, create an anti-poisoning effect by favoring the oxidation of Pt-CO ads generated from the dissociative adsorption step [162] . It has also been found that more surface Pt-oxide species formed by ALD can enhance catalytic activity and improves anti-poisoning for oxidation of formic acid [163] . Analogous to the bifunctional mechanism [164] , the oxide layers acts as secondary metals to provide a number of active sites (e.g., Pt-O ads and Pt-(OH) ads ) to strip carbon monoxide from Pt-(CO) ads sites, leading to a high-level of CO tolerance. This finding indicated that ALD can be used to generate a Pt-oxide rich surface on Pt catalysts which offers positive effects for activity and poisoning resistance.
Pd is a good candidate to catalyze the electrooxidation of formic acid through a direct dehydrogenation pathway without the generation of poisonous CO intermediates, resulting in high activity [38] . However, the activity and stability of Pd in electro-oxidation of formic acid is still not satisfactory for commercial applications [165] . Assaud et al. [166] used ALD to design 3D nanostructued Pd/Ni catalysts to improve the activity and stability of Pd-based catalysts towards formic acid electrooxidation ( Figure 13A ). First, NiO layers were deposited on the high aspect ratio nanoporous Al 2 O 3 support using NiCp 2 and O 3 precursors and then the NiO was reduced to Ni using H 2 . The Pd/Ni catalyst was achieved through deposition of Pd on NiO by ALD. The Pd/Ni bimetallic systems demonstrates that electrooxidation of formic acid proceeds through direct dehydrogenation mechanism and achieves a high activity with low loading of Pd, reaching 0.83 A mg -1 for Pd (40 ALD cycles)/Ni(1000 ALD cycles) ( Figure 13B ).
Concluding remarks and future directions
Development of highly active, low cost, and highly stable catalyst materials is one of the critical goals for accelerating the process of wide-spread fuel cell commercialization. This review has extensively reviewed the current state of ALD and progress in the areas of catalyst synthesis for PEMFCs. To better design desirable catalyst materials by ALD, a deep understanding ALD mechanism for noble metals including Pt, Pd and Ru, as well as metal oxides such as ZrO 2 , ITO, CeO2, TiO 2 and SnO 2 , is necessary. These mechanisms have been delineated here. This review also focused on the discussion of key deposition factors for ALD. The property of substrates/supports are believed to play an important role in ALD deposition, affecting the growth rate, morphology of deposited materials, and the deposited area. In addition to the substrates/supports, the effect of ALD parameters were also discussed. Carefully choosing ALD parameters can result in an increased growth rate or may be tuned to ensure growth at low deposition temperatures. ALD has been shown to be a powerful technique for controlling, at the atomic scale, fuel cell catalyst morphology ranging from single atoms, to sub-nanometer clusters, to NPs. Moreover, ALD allows for the design and optimization of the catalyst structure and composition, which not only increases catalyst activity utilization, but also enhances stability. Furthermore, ALD can effectively increase the interactions between noble catalysts and support, resulting in high activity and stability. This technique can directly deposit metal or metal oxides on 3D materials such as catalyst layer structures to prepare ultralow Pt catalysts electrodes with very high activity and stability.
ALD holds considerable promise for direct synthesis of catalyst layers for PEMFCs. To meet the stringent requirements for PEMFC commercialization, the following future research efforts are proposed:
(1)The understanding of ALD mechanisms plays a critical role in design of catalyst material in PEMFCs. This is necessary to effectively control nucleation delay, especially at the initial growth stage, which will decrease the cost of the catalyst. In addition, improving the fundamental understanding of ALD mechanisms will facilitate materials deposition at low temperature which may be used to deposit the catalyst directly on the membrane.
(2)Development of stable electron/proton conducting materials using ALD is a future research trend for ultimately improving PEMFC performance. ALD has been shown to be highly effective for preparing novel catalyst structures such as Pt encapsulated in metal oxides [117] by area-selective ALD, metal oxides combined with carbon supports [122] , and for promoting increased interaction between Pt and supports [124] . However, metal oxides have low conductivity which is detrimental to catalyst performance. The development of stable electron/proton conductor materials combined with areaselective ALD will further improve the activity and stability of catalysts, resulting in high Pt utilization and thus decreasing the cost of PEMFCs.
(3)Ultrathin Pt layers have shown very high activity and stability for ORR, MOR, and formic acid oxidation. Design of ultrathin noble metal or metal oxides by ALD is desired to improve catalyst durability and decrease the cost of catalysts. To achieve ultrathin noble metal films, and potentially single atom Pt films, further understanding of ALD nucleation and deposition mechanisms, and optimization of substrate properties is needed.
(4)The development of stable, isolated noble metal atoms on catalyst supports is an important development for designing highly active atomic catalysts. As the discussion of theoretical studies suggests, the activity of these catalysts for a particular reaction is affected by the ultra-small particle size. Achieving stable single atoms is a foundational step for designing catalysts with precisely controlled few-atom particles, by ALD. Further, achieving a high density of catalyst particles on the support is another challenge for these materials. To solve these problems, it is crucial to understand the ALD mechanism and the nature of the interactions between deposited material and support.
(5)The increase in Pt utilization via ALD deposition directly onto membranes or microporous diffusion layers is another important future direction. One of the advantage of ALD is deposition metals or metal oxides on 3D materials. The direct deposition of noble metal during MEA fabrication will improve the Pt utilization and decrease the cost of MEA. A high loading of noble metal, compared with typical ALDsynthesized CLs, is necessary for this kind of application. Functionalized substrates will help to increase the noble metal density.
